DNA-tumor viruses comprise enveloped and nonenveloped agents that cause malignancies in a large variety of cell types and tissues by inferfering with cell cycle control and immortalization. Those DNA-tumor viruses that replicate in the nucleus use cellular mechanisms to transport their genome and newly synthesized viral proteins into the nucleus. This requires cytoplasmic transport and nuclear import of their genome.
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Human Adenovirus type 12 (Ad12) was the first human virus recognized to be oncogenic when it was found to cause malignant tumors after inoculation into newborn hamsters (7) (Tab. 1). Later, it was shown that Ad12 integrates its DNA into the host chromosomes (8) . Up to now, no epidemiologic evidence has been reported of adenovirus-associated malignancies in humans, although a recent study detected Ad-DNA in pediatric brain tumors (9) .
Herpesviruses are classified into three subfamlies, alpha-, beta-and gammaherpesviruses (10), some of which have been associated with human cancers of epithelia and lymphatic cells (11, 12) 
(Tab. 1). The chicken alpha-herpesvirus
Marek's disease virus causes T cell tumors, neurological disease and immune suppression in its natural host (13) . The beta-herpesvirus human cytomegalovirus (HCMV) is associated with glioblastoma (for a recent discussion, see 14) but has so far not been observed to transform normal cells into cancerous cells. The gamma-herpesvirus Epstein Barr virus (EBV) was the first virus shown to induce human tumors, nasopharyngeal carcinoma (15) .
Papillomaviruses are the causative agents of skin warts, laryngeal papillomas and cervical carcinoma, and occur in skin cancers and head and neck sarcomas (16) (Tab. 1). Sexually transmitted human HPVs infect the genital tract, and are classified as 'low risk' or 'high risk' based on their capability to cause cervical carcinoma.
Among the high risk papilloma viruses, HPV16 is a major cause of cervical cancer (17) and infects basal keratinocytes of mucosal epithelia that undergo differentiation.
Members of the polyomavirus family have tumorigenic potential which was initially shown for SV40 (18) (Tab. 1). SV40 causes oncogenic transformation in nonpermissive rodent hosts, although not in its natural host, the rhesus macaque.
Other members of the polyomaviruses have been implicated in the etiology of rare neuronal tumors (19) . Most recently, an aggressive human skin cancer, Merkel cells carcinoma has been linked to a previously unknown polyomavirus, the Merkel cell polyomavirus (MCPyV) (20) . In addition, hepadnaviruses that replicate through an RNA intermediate have been associated with hepatocellular carcinoma (21) (Tab. 1).
Here we discuss the mechanims of nuclear transport and import of viral genomes during the early phases of DNA-tumor virus infections. Nuclear import of viral structural proteins and transforming proteins has been extensively reviewed in the recent past (22) (23) (24) (25) . For nucleocytoplasmic transport of RNA from DNA-tumor viruses we refer to recent reviews on adenoviruses (25, 26) , herpesviruses (27) (28) (29) , papillomaviruses and polyomaviruses (30) and hepadnaviruses (31).
DNA-tumor virus entry into cells
Virus entry into cells is a stepwise process which has been studied in some detail in cultured cells (see e.g., 22, 32, 33) . For a schematic view of a generic entry pathway, see Fig. 1 . In certain primary cells or explant cultures, they have been more difficult to study due to strong innate host anti-virus responses, and the limited availability and batch-to-batch variations of these cells. Nonetheless, there are a number of entry steps that are universally required for infection of diverse cell types with human or prototypic DNA-tumor viruses, including virus attachment to a receptor at the cell surface (for recent reviews, see 34, [35] [36] [37] [38] [39] [40] , and lateral movements of the virus-receptor complex to specialized sites on the plasma membrane (reviewed in 41, 42) . These lateral movements can lead the virus particles, for example, to tight and adherens junctions, where additional receptors are localized, such as CAR for adenoviruses, or nectins for herpesviruses (34) .
The lateral junctions not only maintain cell adhesion but also regulate epithelial and endothelial cell proliferation. This is reflected in the observation that deregulated cell adhesion is a hallmark of invasive tumors. Recently it has been suggested that a ubiquitin ligase of KSHV targets vascular endothelial cadherin for ubiquitin-mediated degradation (43) . Cadherin degradation leads to rearrangements of the actin cytoskeleton and disregulated transendothelial barriers, which could open the gate for additional viruses and increase tumorigenicity. These features are reminescent of the HBV protein HBx which promotes hepatocellular carcinoma by enhancing the degradation of the extracellular matrix (44) and downregulating cadherin (45).
The surface-bound DNA-tumor viruses are in many cases taken up by endocytic processes or direct penetration through the plasma membrane (38, 46-55), or they may fuse their envelope with the limiting endosomal membrane (36, 56) .
Endocytozed nonenveloped viruses can penetrate the limiting endosomal membrane (32, 57, 58) , or a membrane of the endoplasmic reticulum (59, 60) . For example, papillomaviruses are taken up by endocytosis, and released from endosomes upon proteolytic cleavage of the minor capsid protein L2 by cellular furin proteases (61, 62) . L2 remains associated with the viral DNA and ends up in the nucleus near promyelocytic leukemia protein bodies (63).
Bidirectional cytoplasmic transport of incoming virus particles provides a mechanism to reach the nucleus
Cytoplasmic transport of DNA-tumor viruses or prototypic DNA-tumor viruses has been studied in some detail, most prominently with HSV1 (64, 65) and Ad2/5 (66-69).
These viruses take advantage of the microtubule-based motor protein complex dynein/dynactin to the minus ends of microtubules near the nucleus (for reviews, see 70, 71, 72) . EBV likely follows the same route on microtubules to the nucleus as 
Viral determination of the transport direction or no transport bias?
There are several possibilities how viruses might achieve their delivery to the nuclear membrane. One is that they themselves define a transport preference by exposing proteins on the capsid that preferentially associate with a plus end or a minus end directed microtubule motor (74) . For example, the gamma-herpesvirus murine herpesvirus 4 which lacks the ORF75c tegument protein failed to be transported to the nucleus of murine cells although it was delivered into the cytosol (75) . Incoming HSV1 capsids preferentially recruit the dynein/dynactin motor complex as opposed to a plus end-directed motor, whereas newly assembled capsids recruit a periphery directed motor (76, 77) .
An important question is the nature of the viral binding partner for motor proteins.
Limited proteolysis of incoming HSV capsid or tegument proteins is part of a stepwise uncoating programme to make virions competent for engagement with cytoplasmic motors, such as the minor capsid protein VP26 or the tegument protein UL36 (VP1/2) (78). For incoming viruses, it was suggested that proteasomal degradation but not ubiquitin is required for HSV localization to the nucleus (79).
Alternatively, cytoplasmic processing of incoming capsids might make them competent for docking to the nuclear pore complex (NPC) as observed shortly after infection (64) . This suggests that nuclear accumulation occurs by retention, not requiring a transport bias. In support of this, incoming Ad2/5 particles were found to be enriched at the nucleus in certain cell types without a detectable transport bias to the nucleus (67).
Regulated transport
Other aspects of cytoplasmic virus transport are subject to regulation by cell 
From microtubules to the nucleus
Incoming DNA-tumor viruses can reach the nuclear envelope by several mechanisms. One is that the viruses must pass through the microtubule-organizing center (MTOC) (pathway A, Fig. 1 ), or that they detach from the microtubules proximal to the nucleus (pathway B, Fig. 1 ). Detachment could, for example, occur by virus modification at the MTOC, or by an activity gradient of a nuclear factor leading to motor detachment from the tracks or the virus. For Ad2/5 it has been
shown that treating cells with inhibitors or siRNAs against the nuclear export factor CRM1 reduced the targeting of incoming Ad2/5 to the nucleus but did not affect viral transport on microtubules (98) , and this requires the capsid protein hexon as suggested by antibody interference (69) . CRM1 or a nuclear protein exported by CRM1 to the cytoplasm could hence provide a cue for virus detachment from microtubules. Alternatively, CRM1, which binds Nup214/CAN could be involved in maintaining a functional binding site for the virus on the NPC.
A second possibility to localize viruses to the nucleus is by stochastic detachment from microtubule tracks and cytoplasmic diffusion of the free particles until a binding site at the nuclear envelope, for example the NPC is reached. This mechanism would be expected to be less rapid and less efficient than regulated detachment.
A third, intermediate strategy is to detach the incoming DNA-tumor viruses from microtubules directly at the NPC thereby bypassing a diffusion step through the cytoplasm. This model is attractive because the most distal NPC protein RanBP2
(NUP358) has a binding site for microtubules (99) , and could thereby connect cytoplasmic transport with nuclear import. In this model viruses could either traffic all the way to the minus ends of microtubules near the centrosome, and revert transport direction towards the periphery to approach the nuclear envelope, or they could directly reach the nucleus by microtubules that lead from the periphery to the centrosome in close proximity to the nuclear envelope.
A fourth possibility to access the nucleoplasm has been suggested for polyomaviruses. These viruses are targeted to the endoplasmic reticulum and nuclear envelope lumen, from where they could penetrate the inner nuclear membrane (59, 100) . To what extent this unconventional pathway into the nucleus is used is, however, unknown. Infectious incoming SV40 particles have been found in the cytosol on the other hand (reviewed in 101, 102) which implies that these viruses can use a pathway from the cytosol to the NPC into the nucleus for infection. Within the NPC, the cytoplasmic filament protein Nup214/CAN and its associated protein Nup88 are involved in nuclear export of preribosomal complexes (109), and NES bearing proteins (110) . The cytoplasmic filament protein RanBP2/Nup358 provides a docking platform for export complexes that are being disassembled, and for binding of cargo-free export receptors before they return to the nucleus (111) . It is also involved in import of NLS containing proteins, and its absence can be compensated by overexpression of import receptors (112) . In single round import reactions, neither RanBP2 nor Nup214/CAN are required for import of model proteins (113) . This supports the notion that NPC proteins, and in particular the FGrepeat proteins have a high degree of redundancy (114) .
The nuclear pore complex -gate keeper of nucleocytoplasmic exchange
Finally, an important aspect of NPC function for DNA-tumor virus infections is that the pore diameter can be gated. Kinetic studies have shown that within time frames typical for the entry phase of most viruses, the permeability diameter of the pore is in the range of 40 nm (115) . Although this is still too small for the passage of adenovirus, herpesvirus, or papovavirus (polyoma and papilloma) capsids, it is large enough for the passage of hepadnaviruses and also parvoviruses. (Fig. 2 ). This together with the H1-import factors importin (karyopherin) β and importin 7, and additional factors contributes to capsid disruption and uncoating of the DNAnucleoprotein complex for import (117, 127) .
Nuclear import of adenovirus DNA associated proteins
The viral chromatin enters the nucleus, yet the composition of the core, which is translocated through the NPC is not well defined. The covalent interaction of the preterminal protein (pTP) with the 5' ends of the viral genome predicts that the pTP is imported together with the DNA (128) (Fig. 2) . It is also likely that pVII and possibly histone H1 accompany the DNA through the NPC (117, 129) . In contrast, the composition of the core in the virus is well known. It is made up of four viral proteins, protein V (pV, 368 amino acids, 157 copies per genome (130)), pVII (174 amino Unlike pVII and terminal protein, the other core protein pV is less tightly bound to the DNA, and may be released before or during DNA import into the nucleus, as suggested by chromatin immunoprecipitations (142). It is not known if pV enters the nucleus on its own or in complex with other factors (143), or if it stays in the cytoplasm in association with the mitochondrial protein p32 implicated in ARFmediated apoptosis (144, 145) . Remarkably, a pV knock-out virus is viable in the presence of compensatory mutations in the mu protein (146) . This suggests that pV has no unique functions in the replication cycle of mastadenoviruses, at least in cultured cells, which is further supported by the observation that pV does not occur in atadenoviruses, aviadenoviruses and siadenoviruses.
Herpesviruses dock to the NPC and release their DNA into the nucleus
Herpes simplex virus type 1 docking to the NPC
Similar to adenoviruses, herpesviruses uncoat their DNA at the NPC (see Fig. 2 ).
This strategy precludes that the naked viral chromatin travels through the cytoplasm, which could trigger DNA-sensing innate immune responses including the TBK-IRF pathway or inflammasome (147, 148) . In vitro experiments showed that HSV-1 capsids purified from extracellular virions by detergent and high salt treatments bound to NPCs of rat liver nuclear envelopes depending on soluble importin β, Ran-
GTP and other factors (149). Experiments with the hamster mutant cell line tsBN2
(150) at the restrictive temperature confirmed that the Ran guanine nucleotide exchange factor RCC1 (regulator of chromosome condensation 1) was required for genome delivery to the nucleus or gene expression (151) .
Although the components of the viral capsid recognized by importin beta are not known, it has been shown trypsin-treated capsids, which lost the inner tegument proteins including UL47 (VP13/14), UL48 (VP16) and UL49 (VP22) poorly bound to the isolated nuclei. While the UL48 (VP16) transcription factor associated with UL49 (VP22) and supported virus assembly (152) , the knock out of UL49 (VP22) had no effects on the expression levels of the immediate early viral protein ICP0 (153), indicating that UL49 (VP22) has no important role for nuclear import of HSV1 DNA.
Interestingly, the 32 kDa tegument protein UL14 has been implicated in enhancing nuclear import of UL48 (VP16), and it enhanced nuclear targeting of incoming HSV1 (154) . In the nucleus, it forms a regulatory complex with HCF1 and the POU-domain transcription factor Oct1, and thereby activates transcription of immediate early viral genes (155) . It is possible that UL14 is involved in cytoplasmic transport or docking of incoming virions to the NPC, and thereby facilitates the uncoating of the viral DNA for nuclear import.
Herpes simplex type 1 mutants dissect uncoating and nuclear import
The recent developments of viral mutants have allowed progress in understanding viral mechanisms of capsid disassembly. Experiments with the classical HSV1 temperature sensitive mutant tsB7 and a similar pseudorabies virus mutant indicated that viral DNA is released at the NPC (156, 157) . At the non-permissive temperature tsB7 capsids containing DNA accumulated at the NPC, whereas upon temperature shift, DNA was released. This was consistant with early electron microscopy studies
showing that empty capsids of incoming viruses accumulated at the nuclear membrane and persisted for several hours (158, 159) . Mutational mapping of tsB7
showed that the UL36 gene encoding the VP1/2 tegument protein was involved in releasing the DNA from the capsid (160). UL36 (VP1/2) is conserved in beta-and gamma-herpesviruses (reviewed in 161). UL36 (VP1/2) together with UL37 and UL25 is one of the innermost capsid associated tegument proteins that remain associated with the incoming capsids until docking at the NPC. UL36 deletion mutants failed to spread the infection to uninfected nuclei in experimentally induced syncitia indicating that UL36 was required for capsid transport to, or DNA import into the nucleus (162) . Interestingly, proteolytic cleavage of VP1/2 was required for DNA import into the nucleus but not for capsid docking to the NPC (163).
While UL37 was not required for delivery of HSV1 DNA into the nucleus (162) -although it was involved in pseudorabiesvirus transport to the nucleus (164), another inner tegument protein UL25 was specifically implicated in DNA uncoating, as indicated by the temperature sensitive HSV1 ts1249 mutant which had an uncoating defect at the restrictive temperature but was transported to the nucleus (165) .
Interestingly, the EBV may use similar mechanisms since its protein BVRF1 is a homologue of UL25 (166) which remains capsid associated and localizes to microtubules as well as to nuclear membrane with incoming capsids (167) . Since UL25 is also required for DNA packaging and associates with the portal complex at a single capsid vertex (168), it is possible that the DNA is extruded through the portal structure of the capsid (169) (170) (171) (172) . The portal is part of a ring structure made up by the UL6 protein, and has a 5 nm pore through which the viral DNA is packaged into the procapsid during replication of both herpesviruses and double-stranded DNA bacteriophages (173) . UL6 is conserved among other alpha-herpesviruses, such as varizella zoster virus (VZV), which causes varicella (chickenpox, primary infection) and zoster (shingles, a secondary infection upon reactivation of VZV from latency).
Future measurements of herpesvirus DNA uncoating on isolated nuclear envelopes in combination with specific orientations of single virus particles may unveil if the portal needs to be oriented towards the NPC for DNA release into the nucleus or if the orientation of the particles can be random. All this provides strong evidence that the inner tegument proteins UL25 and UL36 (VP1/2) and the portal are parts of capsid-associated complexes that interact with the NPC, and trigger the release of viral DNA from the capsid.
In the herpesvirus capsid, the DNA is tightly packed in a paracristalline array and thought to be protein-free, similar to bacteriophage DNA (174) . Studies of DNA ejection from bacteriophages had argued that DNA release can be attenuated by surrounding osmotic pressure implying that the process is independent of ATP consuming enzymes, such as motor proteins (175) . Recent studies have extended this concept showing that DNA condensation by osmotic stress and DNA binding proteins enhances the ejection process from the phages (176). For HSV1, atomic force microscopy experimentation suggested that the incoming genome is translocated through the NPC as a condensed rod-like structure with a diameter of 35-40 nm and a length of 130-160 nm (177). It is thus possible that the herpesvirus DNA picks up DNA condensing proteins, such as cellular histones after its release from the capsids. Histones would not only condense and neutralize negative charges on the DNA backbone, they would also be a template for import factors, such as importin beta-and importin 7 (178) , and thereby increase the probability for DNA passage through the NPC, as suggested for adenovirus DNA (117) . That histones could be involved in herpesvirus infection is also supported by the finding that incoming viral DNA was complexed with histones as early as 1 h post infection, although it is not known how and where histones associate with the incoming DNA (179) . Whether tegument proteins with functional NLSs, such as UL36 (VP1/2) (180) mediate nuclear import of the DNA is not known.
Nuclear import of papillomaviruses and polyomaviruses
Human papillomaviruses (HPV) uptake is a slow process and not well defined, although it seems to be acid dependent (52, 61, 181, 182) . Some HPVs bind to heparansulfate-proteoglycans (183) and possibly secondary receptor(s), such as alpha-6 integrin, laminin or tetraspanin proteins (184, 185) . Factors and signals that lead to nuclear import of nonstructural and structural HPV proteins are listed in Tab.
2. It is unknown, however, how the viruses reach the cytosol, and the genomes imported into the nucleus.
Similar to papillomaviruses, the polyomaviruses SV40, JC virus and BK virus access the nucleus after endocytic uptake (see Fig. 2 ) (186) (187) (188) . SV40 has a doublestranded closed circular DNA of 5000 base pairs, three structural proteins VP1, VP2, and VP3, and four core histones, H2A, H2B, H3 and H4 (189) . VP1 forms 72 pentameric capsomers (190) , incorporating the minor proteins, VP2 and VP3 that are thought to contact the minichromosome and the VP1 pentamer (191) . It is thought that polyomaviruses undergo limited conformational changes at the plasma membrane, in endosomes or the endoplasmic reticulum (ER). In the case of SV40, the reducing environment and the protein folding machinery of the ER may lead to the release of DNA-containing subviral particles into the cytosol (59) . This may also lead to the exposure of the NLS in the amino-terminus of the capsid protein VP1
(reviewed in 101, 192) .
Experiments with microinjected SV40 favor the notion that infectious viral DNA passes through the cytosol (193) . SV40 subviral particles were found to be imported into the nucleus, as concluded from the observation that the injection of neutralizing antibodies against the VP1 amino-terminus or against VP3 into infected cells blocked infection (194) (Fig. 2) . These subviral particles are thought to contain the core
histones, yet the histone-complexed minichromosomes were poorly targeted to the nucleus (194) . This indicates a role for the VP1,2,3 proteins in cytoplasmic transport or NPC binding.
Interestingly, VP1,2,3 can each be independently imported into the nucleus (195) .
VP1 has a bipartite amino-terminal NLS whereas VP2 and VP3 have a classical SV40 T-antigen-like signal in the carboxy-terminus (196) . Recently, cytosolic virus was found to bind importin α and β (197) . Only a small fraction of the incoming DNA was, however, recovered in immune complexes with VP1 and the minor capsid protein VP3. The DNA was sensitive to DNase, unlike the DNA of intact purified SV40 particles. This suggests that SV40 entry into the cytosol is slow, rather inefficient, and coupled to partial DNA uncoating.
A similar process of NLS exposure and importin binding may operate for JC virus entry, which may reflect a similar use of NLS sequences for nuclear import of newly synthesized proteins (198) . Unlike SV40, JC virions were apparently imported into the nucleus in a more intact form than the SV40 subviral particles, as suggested by analyses of particles loaded with free fluorescent dye molecules (199) .
Nuclear import of hepadnaviruses
HBV is an enveloped DNA-virus with an icosahedral capsid of 180 or 240 core proteins (200) . HBV infects primary human hepatocytes and a few cell lines at low efficiency, which makes it difficult to study the infectious entry of this virus.
Lipofection has been used to deliver HBV capsids into the cytoplasm (201) . In these experiments capsids were transported by microtubule dependent motors to the nuclear membrane where they bound to NPCs, and they released their genome into the nucleus. These results were similar to studies with duck hepatitis virus (dHBV) (55, 202, 203) . dHBV core proteins have an internal NLS as the carboxy-terminus of the HBV core (204) . A dHBV knock-out mutant lacking the core NLS was not found at the NPC suggesting that this NLS was directly or indirectly required for capsid localization to the NPC. Biochemical studies suggested that attachment of HBV capsids to the NPC and transport through the NPC involved importins and the NLS in the carboxy-terminus of the HBV core protein (205, 206) (Fig. 2) . In native capsids, this NLS is not exposed at the surface, which implies that conformational changes of the capsid during entry are required for importin binding, capsid uncoating and DNA import into the nucleus (207) . An alternative nuclear import model for HBV 
Conclusions and outlook
Nuclear import of DNA-tumor virus genomes depends on cell type and virus specific 
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